Abstract Uveal melanoma (UM) has a 30 % 5-year mortality rate, primarily due to liver metastasis. Both angiogenesis and stromagenesis are important mechanisms for the progression of liver metastasis. Pigment epitheliumderived factor (PEDF), an anti-angiogenic and anti-stromagenic protein, is produced by hepatocytes. Exogenous PEDF suppresses metastasis progression; however, the effects of host-produced PEDF on metastasis progression are unknown. We hypothesize that host PEDF inhibits liver metastasis progression through a mechanism involving angiogenesis and stromagenesis. Mouse melanoma cells were injected into the posterior ocular compartment of PEDF-null mice and control mice. After 1 month, the number, size, and mean vascular density (MVD) of liver metastases were determined. The stromal component of hepatic stellate cells (HSCs) and the type III collagen they produce was evaluated by immunohistochemistry. Host PEDF inhibited the total area of liver metastasis and the frequency of macrometastases (diameter [200 lm) but did not affect the total number of metastases. Mice expressing PEDF exhibited significantly lower MVD and less type III collagen production in metastases. An increase in activated HSCs was seen in the absence of PEDF, but this result was not statistically significant. In conclusion, host PEDF inhibits the progression of hepatic metastases in a mouse model of UM, and loss of PEDF is accompanied by an increase in tumor blood vessel density and type III collagen.
has recently shifted away from enucleation (removal of the eye) towards irradiation and plaque radiotherapy, but the 5-year survival rate has remained unchanged at 80 % over the last 40 years [1, 7] . This is because the cause of death in patients with metastatic UM is most commonly due to hepatic metastasis and liver failure, suggesting that metastasis occurs before treatment of the primary tumor [7] . In humans, when UM metastasizes to the liver, it initially appears to form dormant, avascular metastases that are too small to be imaged [8, 9] . Gene expression profiling or multiplex ligation probe amplification can be used to predict which UM patients will develop aggressive metastases [10] [11] [12] .
The liver is the main site of metastasis in 80 % of patients with UM who develop metastatic disease [7] . One hypothesis as to why UM cells predominantly metastasize to the liver is that passive, mechanical factors such as the location of the liver in the vascular path and the trapping of cells in the liver vasculature cause cancer cells to deposit in the liver [13] . Another hypothesis is that UM surface receptors CXCR4 and c-Met mediate migration toward ligand gradients produced by the liver, namely stromal cell-derived factor (SDF) and hepatocyte growth factor (HGF) [14] . Micrometastases (around 4-16 cells, diameter \50 lm) may stay quiescent for years [9, 15] . At some point, these micrometastatic colonies may enlarge to form intermediate metastases (diameter 50-500 lm in humans, 50-200 lm in mice) or larger still to form macrometastases (diameter [500 lm in humans, [200 lm in mice) [9] . What triggers activation from dormancy is unknown; however, there are several properties of the UM cell and of the host liver microenvironment that may potentiate metastatic progression.
Intrinsic properties of the UM cell, such as monosomy 3, correlate strongly with highly metastatic UM and mortality [16, 17] . Mutations in the deubiquitinating enzyme BRCA1-associated protein (BAP1) located on chromosome 3 are seen almost exclusively in patients with metastatic UM [18] . In addition, tumor cells upregulate factors that may enhance metastatic progression such as fibronectin 1, insulin receptor substrate 2 (IRS2), and matrix metalloproteinase 2 (MMP2) [19] . Metastatic UM cells may also downregulate HLA antigen expression and evade the host immune response [20] .
Extrinsic, or host, properties may also play an important role in suppressing or promoting metastatic tumor progression. Angiogenesis, or the formation of new blood vessels to supply the tumor with nutrients and oxygen, is necessary for metastases to grow larger than 2-3 mm 3 [21] . As the metastases grow, tumor cells become hypoxic and release vascular endothelial growth factor (VEGF) into the tumor microenvironment, recruiting host vascular endothelial cells. Additionally, stromagenesis is an important and often overlooked component of metastatic progression [22] . Stromagenesis in the liver includes the activation of hepatic stellate cells (HSCs) into a migratory and proliferative state, in addition to the formation of extracellular matrix components such as type I and III collagen and the secretion of growth factors [13, 23] . The extracellular matrix provides a scaffold for blood vessel and tumor cell growth, meanwhile growth factors such as VEGF promote angiogenesis and metastatic progression [13] .
A candidate host-produced factor, and one of the most potent inhibitors of angiogenesis and stromagenesis, is pigment epithelium-derived factor (PEDF). PEDF is a secreted protein that is produced by hepatocytes but downregulated in hypoxic cutaneous melanoma cells [24] [25] [26] [27] . PEDF binds the receptors PNPLA2, laminin receptor, and ATP synthase [28] [29] [30] . PEDF induces apoptosis of the endothelial cell, inhibiting angiogenesis, and this occurs through multiple pathways including Fas/FasL and cleavage of caspases 8 and 9 [31, 32] . In addition, PEDF inhibits VEGF receptors 1 and 2 [33, 34] . PEDF inhibits stromagenesis by causing apoptosis in HSCs and by causing the cytoskeleton of surviving HSCs to break down [26] . Deficiency in PEDF leads to increased pancreatic cancer invasiveness, hyperplasia, and disease morphology in mice, while human patients with pancreatic cancer have decreased levels of PEDF in serum and tumor cells [35] . PEDF is inhibited in hypoxic environments and degraded by matrix metalloproteinases MMP-2 and MMP-9 which are secreted by tumor cells and macrophages, suggesting that as metastases progress, they downregulate host PEDF [25, 36, 37] . The VEGF/PEDF ratio has been suggested as an angiogenic switch in UM metastasis [38, 39] . B16-LS9 melanoma cells that were transfected to overexpress PEDF and were injected into the eye of C57BL/6 mice exhibit decreased growth of primary tumor and decreased number of metastases in the liver, suggesting an anti-proliferative role of PEDF in cancer cells [40] . However, there have been no studies to date that have analyzed the role of specifically host-produced PEDF in suppressing metastatic UM progression [40, 41] .
The aim of this study is to uncover the role of an antiangiogenic and anti-stromagenic factor produced by the host liver, PEDF, with regards to the progression of hepatic metastasis of UM. We used an established mouse model of UM in a strain of transgenic PEDF-null mice to examine properties of liver metastasis in the presence versus absence of host-produced PEDF.
Methods
All experiments were performed in conduct with the Association for Research in Vision and Ophthalmology Cell culture B16-LS9 mouse cutaneous melanoma cells, an established model for UM due to their propensity to metastasize to the liver, were cultured at 37°C and 5 % CO 2 . Cells were fed every 2-3 days in RPMI-1640 with 10 % FBS, L-glutamine, HEPES, 1 % non-essential amino acids, 1 % sodium pyruvate, 1 % MEM vitamin solution, and 1 % penicillinstreptomycin. Before use in animal experiments, cells were trypsinized and suspended at 1.5 9 10 5 /1.5 lL in phosphate buffer solution. Separate cultures were lysed with radioimmunoprecipitation assay buffer for use in western blot (50 lg protein blotted with AB-PEDF1 antibody by BioProducts of Maryland, 1/5,000). Human PEDF protein was used as a positive control (BioProducts of Maryland, 4 ng per lane), with an expected band 50-75 kDa, and actin was used as a loading control (Millipore MAB1501, 1/5,000). B16-LS9 melanoma cells are a representative model of human melanoma due to their high levels of c-Met expression and their propensity to metastasize to the liver [42, 43] .
Mouse model of uveal melanoma PEDF-null mice were previously generated on a C57BL/6 background [44] . These mice are viable and have no known development deficiencies aside from being slightly overweight and exhibiting fatty liver [45] . Genotyping was confirmed by tail snip PCR analysis. Liver PEDF mRNA levels were determined by quantitative real-time polymerase chain reaction (n = 4) of liver lysate collected in TRIzol reagent (Invitrogen Corp.). PEDF forward primer sequence was AAGGTCCCTGTGAACAAGC, and reverse primer sequence was GTCGTAGTAGAGAGCCCGGT. Protein expression was determined by immunohistochemistry of liver sections (n = 3, antibody sc-16596 by Santa Cruz Biotechnology, Inc., 1/50) or western blot of 200 lg liver lysates (n = 3, antibody AB-PEDF1 by BioProducts of Maryland, 1/5,000). Human PEDF protein was used as a positive control (BioProducts of Maryland, 4 ng per lane), with an expected band 50-75 kDa, and actin was used as a loading control (Millipore MAB1501, 1/5,000). Wild-type C57BL/6 mice were obtained from Charles River Labs; 7-week old female mice were anesthetized by intraperitoneal injection of 100 mg/kg ketamine and 12 mg/kg xylazine mixture in phosphate buffer solution. B16-LS9 cells were injected into the uveal layer of the right eye by first preparing a passageway using a 30 gauge needle then by injecting 1.5 9 10 5 /1.5 lL cells into the passageway [43] . Seven days post-injection, the right eye was enucleated, a method that precludes direct extraocular extension of the melanoma and promotes growth of liver metastases [43, 46] , and the eyes were stored in formalin. Twentyeight days post-injection the mice were euthanized and livers were collected and routinely processed for histologic examination. Formalin fixed paraffin embedded slides of eyes and livers were prepared for use in staining procedures. A 7 lm thick hematoxylin and eosin (H&E) stained section through the center of the eye containing the pupil, optic nerve, and maximum thickness of the melanoma was utilized for determining intraocular tumor size (n = 4). Three 7 lm thick H&E stained sections through the centers of the livers of each mouse (n = 5) were used to determine metastatic melanoma size and frequency per previous protocols [47] . Unstained sections were used for histochemical and immunohistochemical staining. Eye and liver sections were obtained from the same set of mice.
Metastasis size and frequency assays
Formalin-fixed paraffin-embedded slides were stained with hematoxylin and eosin (H&E) and viewed using an Olympus DP-12 microscope (Tokyo, Japan). Three liver sections per mouse were measured, with five mice per genotype. The sizes of all metastases from a single liver section were summed to produce a total metastasis area value in lm 2 and this value was averaged across three sections per mouse. The total liver size was also measured, creating a ratio of metastasis size per liver size for normalization. Wild-type mouse metastasis area was set to 1.0 for comparison. Metastatic frequency was calculated by totaling the number of metastases of all sizes and normalizing by liver area. Additionally, the metastases were separated by size, where micrometastases have a diameter of less than 50 lm , with sizes slightly different from the categorization in humans. These data were reported as a ratio per liver area, and all measurements were performed in triplicate sections that represented the liver as a whole (n = 5).
Staining assays
Mean vascular density was determined through use of H&E staining or periodic acid-Schiff staining without hematoxylin. A cross section of a lumen lined with endothelial cells counted as one blood vessel, while tracts and branches were counted as separate vessels. The number of blood vessels per area was determined for both metastatic tissue and surrounding liver tissue (n = 5) [48] . HSCs were visualized by smooth muscle actin (SMA) immunostaining (Mako M0851, 1:160) and analyzed by ImageJ (Version 1.45s, National Institutes of Health, Washington, DC) on a scale of 0:black to 255:white. In order to estimate tumor stromal component, reticulin staining was performed for type III collagen within the metastases (n = 5). Fibers were manually traced and quantified by ImageJ.
Statistical analysis
Comparison of the three groups (PEDF?/?, PEDF±, and PEDF-/-mice) for all assays was performed using oneway analysis of variance (ANOVA) with the NewmanKeuls post-test to determine statistical significance among pairs. When comparing metastasis types among three groups, a two-way ANOVA with a Bonferroni post-test was utilized. We defined p \ 0.05 as denoting statistical significance for all assays and reported data with standard error of the mean. An unpaired t test was used to analyze densitometry of the western blot.
Results

Mouse model of uveal melanoma
To establish our mouse model of PEDF deficiency, we measured PEDF mRNA and protein levels in the livers of PEDF?/? and PEDF-/-mice. PEDF?/? mice express PEDF mRNA in the liver, whereas PEDF mRNA is absent from PEDF-/-mouse liver (Suppl. Fig. 1 ). Cycle threshold was reached after 21.7 cycles in PEDF?/? mice and 33.7 cycles in PEDF-/-mice. Liver PEDF protein in PEDF?/? and PEDF-/-mice was assayed by immunohistochemistry (Suppl. Fig. 2a ) and western blot (Suppl .  Figs. 2b, c) . Both assays demonstrated an abundance of PEDF protein in the livers of PEDF?/? mice but not in livers of PEDF-/-mice. B16-LS9 melanoma cells express PEDF in culture as expected (Suppl. Fig. 3 ). The eyes collected at day 7 showed that primary tumors were of equivalent size regardless of PEDF genotype (Fig. 1) . Thus we conclude that this is an appropriate model with which to study the role of liver-produced PEDF on UM metastasis.
Metastasis size and frequency PEDF± mice exhibited a 7.1-fold increase in metastasis area per liver section than PEDF?/? mice, and PEDF-/-mice showed a 34.6-fold increase, both significantly greater than wild-type (Fig. 2) . There was no statistical difference in the total number of metastases per liver section across the three genotypes (Fig. 3a) . However, wild-type mouse livers contained predominantly micrometastases, PEDF± mice contained more intermediate metastases and several macrometastases, and PEDF-/-mice contained significantly more macrometastases than either wild-type or PEDF± mice (Fig. 3b) . These data clearly demonstrate that the loss of host PEDF leads to a significant increase in the size of the metastatic tumor.
Angiogenesis: mean vascular density PEDF± mice showed a 7.3-fold increase in mean vascular density (MVD), or blood vessels per 409 high-powered field of magnification (40HPF), versus PEDF?/? controls, and the MVD of PEDF-/-mice was 20.8-fold greater than wild-type, both significantly greater (p \ 0.05) (Fig. 4) . Additionally, both PEDF-/-and PEDF± mice had significantly greater MVD in metastases than surrounding liver tissue, while WT mice did not. MVD of non-metastatic liver tissue was equivalent across the three genotypes. These findings corroborate a well-known function of PEDF, suggesting that PEDF may inhibit angiogenesis, or the formation of new blood vessels, in the metastases in mouse liver, but not vasculogenesis, or the formation of blood vessels during embryonic development. However, increased vascular density is a common result of metastatic progression, thus the relationship to loss of host PEDF may only be indirect. Fig. 4 Loss of PEDF is accompanied by greater vascular density within metastases. The number of blood vessels was calculated per area for each metastasis and the surrounding liver tissue and extrapolated over a full 409 high-powered field of magnification (40HPF). PEDF± mice had a 7.3-fold increase in the mean vascular density over wild-type mice. PEDF-/-mice showed a 20.8-fold increase in mean vascular density over wild-type mice. MVD was significantly greater in metastases than in surrounding liver tissue in both PEDF± and PEDF-/-mice. PEDF did not affect the MVD of surrounding liver tissue across genotypes. Metastasis and liver tissue were stained using periodic acid-Schiff without hematoxylin in order to view and count blood vessels, and shown in H&E for visual purposes. Yellow arrows point to some but not all vascular channels. Black bar = 20 lm. Data are reported with standard error of the mean, n = 5, *p \ 0.05 using one-way ANOVA with NewmanKeuls post-test
Stromagenesis: hepatic stellate cell and type III collagen immunohistochemistry A trend toward greater activated HSC density was found only in PEDF-/-mice but not PEDF± mice; however, this was not significantly different among the three groups (Fig. 5) . There was however significantly less type III collagen, a marker for basement membrane production, in PEDF?/? mice versus both PEDF± and PEDF-/-mice (Fig. 6 ). Type III collagen was not seen in micrometastases but was prevalent in both intermediate and macrometastases. These data suggest that HSCs are activated in micrometastases even in the presence of PEDF, and only slightly more so in the absence of PEDF, but that their production of extracellular matrix is delayed until at least the intermediate metastasis phase.
Discussion
Stephen Paget proposed the ''seed and soil'' hypothesis in the late 1800s to explain why given forms of cancer are able to thrive in certain end organs [49] . He suggested that each type of cancer, the seed, is only able to metastasize to organs that resemble its original microenvironment, the soil. By this reasoning, the end organ must be expressing factors that potentiate or suppress the growth of the metastasizing cancer cells. Indeed, key mediators of angiogenesis such as VEGF and hypoxia-inducible factors are involved in end organ angiogenesis and growth of metastatic cancer [50] [51] [52] . Now we have shown that PEDF is also an important factor produced by the host that suppresses metastatic progression, and loss of PEDF is accompanied by an increase in angiogenesis and stromagenesis within the metastases. PEDF produced and secreted by hepatocytes is thought to suppress metastasis in two ways. By interrupting the VEGF signaling cascade and inducing apoptosis in endothelial cells, PEDF suppresses the angiogenesis necessary for metastatic progression. By disrupting the cytoskeleton of HSCs and inducing their apoptosis, PEDF inhibits stromagenesis. In a hypothetical model, the PEDF/VEGF ratio in healthy hepatic tissue favors PEDF. VEGF is not being produced by tumor cells or HSCs, endothelial cell growth is not being recruited, and MMP-2 and MMP-9 are not being produced by melanoma cells or endothelial cells to degrade PEDF. However in the metastatic microenvironment, as the metastasis grows, it becomes hypoxic. VEGF and MMPs are produced, leading to the downregulation of PEDF and the unimpeded formation of stroma and growth of blood vessels. This process of breaking down the balance between PEDF and hypoxia appears to occur over several years. However, in PEDF-/-mice, the PEDF/VEGF balance is lost, stromagenesis and angiogenesis are potentiated, and this hypothetically leads to enlargement of the metastases over the span of 1 month.
We used B16LS9 melanoma cells [53] [54] [55] in our model which metastasize from the eye to the liver. Despite the production of PEDF by B16-LS9 cells in the tumor Type III collagen, a stromal protein produced by hepatic stellate cells, was increased as host PEDF was lost. Reticulin stains were performed on PEDF?/?, PEDF±, and PEDF-/-mouse livers in order to analyze type III collagen production. Both PEDF± and PEDF-/-mice showed significantly greater reticulin fiber density. Representative images show reticulin fiber staining (dark purple) in PEDF?/?, PEDF±, and PEDF-/-mice. Fibers were traced and their lengths were summed to calculate reticulin fiber density. Green bar = 25 lm. Data are reported with standard error of the mean, n = 5, *p \ 0.05 using one-way ANOVA with Newman-Keuls post-test microenvironment, our data clearly demonstrate that metastatic progression is increased when host-produced PEDF is knocked out. This effect is due to the increased presence of macrometastases of 200 lm diameter or more. We have shown when host PEDF is lost the mean vascular density rises significantly, but only in metastatic tissue and not in liver tissue. This suggests that PEDF may play role in angiogenesis during metastasis but not vasculogenesis during development. Furthermore, we found that activated HSC density was slightly increased in PEDF-null mice, but this result was not statistically significant. This suggests that HSCs are activated at an early point in metastatic progression and only slightly responsive to PEDF in vivo. However, type III collagen normally produced by activated HSCs followed an interesting pattern where both copies of the PEDF gene must be present to prevent HSCs from producing massive amounts of stroma, and this is worthy of further inspection. The increased vascular density and type III collagen production may simply be a result of metastatic progression and thus only indirectly related to loss of host PEDF. PEDF?/? contain mostly micrometastases and low-end intermediate metastases, thus we are unable to accurately compare vascular density and type III collagen production in large metastases across the three genotypes.
We envision a two-step mechanism for the progression of UM metastasis involving first the activation of HSCs and production of stroma as a scaffold for blood vessel and tumor growth, followed by the induction of angiogenesis to feed the metastasis with nutrients and oxygen. Our data suggest that host PEDF inhibits metastatic progression via both of these mechanisms. Further investigation needs to be done regarding the role of fatty liver in the progression of metastasis, as PEDF-null mice have increased liver steatosis, and this may be another mechanism regulating metastasis size.
In conclusion, host-produced PEDF clearly has a distinct role in preventing the progression of liver metastases in a mouse model of UM. This is an excellent model to study UM, as the mice develop micrometastases, intermediate metastases, and macrometastases similar to human patients with metastatic disease. These findings suggest that hostproduced PEDF may be a therapeutic target for patients with metastatic UM.
